Abstract: An analysis of long-term changes in abundance of hibernating bats as revealed from the annual monitoring programme conducted in four mountain regions of the Western Carpathians (Muránska planina Mts, Revúcka vrchovina Mts, Slovenský kras Mts, Štiavnické vrchy Mts) during the period 1992-2009 is providing in the paper. Data from 52 hibernacula were analysed. Among 18 bat species recorded, an apparent population increase of three most abundant thermophilous and originally cave dwelling species of bats, Rhinolophus hipposideros, R. ferrumequinum, Myotis myotis, was observed. In other bat species (e.g., R. euryale, M. emarginatus, M. mystacinus, M. dasycneme, Barbastella barbastellus), population trends could not be detected and because of data scarcity, they should be evaluated from more extensive datasets obtained from a wide range of hibernacula or from a completely different type of evidence.
Introduction
In many plant and animal species, considerable changes in abundance and distribution patterns can be observed in the last decades. These changes have several causes, originating both from intensive human impact and from natural processes. These causes may include e.g. agricultural intensification, urbanisation, hunting, trade and pollution on the side of human impacts, and endogenous population changes, changes in genetic structure or even global environmental changes on the side of natural processes (Primack 2004) . All these impacts negatively affect also bat populations and thereby this vertebrate group is considered to be globally threatened (Hutson et al. 2001) . Several temperate bat species (e.g., Rhinolophus ferrumequinum, R. hipposideros, Myotis myotis) have undergone rapid population decline in western and central Europe since the middle of the 20 th century (e.g., Roer 1972; Bárta et al. 1981; Ransome 1989; Kokurewicz 1990; Weinreich & Oude Voshaar 1992; Řehák 1997; Bontadina et al. 2000) . However, a subsequent reversing trend and population rebound have been observed in the above mentioned species and also in several others (Myotis emarginatus, Barbastella barbastellus) in some regions of Europe since the 1980s (e.g., Kowalski & Lesiński 1991; Zima et al. 1994; Řehák & Gaisler 1999; Bontadina et al. 2000; Gaisler & Chytil 2002; Horáček et al. 2005; Lesiński et al. 2005) . Only in several species, notably in Myotis daubentonii, stable or increasing population numbers have been reported from the whole period of the second half of the 20 th century until now (Daan et al. 1980; Gaisler et al. 1981; Řehák 1997; Horáček et al. 2005) .
While the latter positive trend in bat populations in Europe has been recently mirrored also in higher frequency of bats in owl diet (Lesiński et al. 2008) , so far little is known about reasons triggering such considerable changes in numbers of various bat species. Usually, direct human impacts, such as various disturbances in roosts (including mass bat ringing, e.g., Bárta et al. 1981 ) and accumulation of pesticides were considered to be the main threats affecting bat communities. However, the changes were sometimes explained also by global climatic or environmental oscillations seeing that the development of bat numbers in hibernacula conspicuously correlated with annual variation of global temperature Horáček 1984; Kulzer 1995; Horáček et al. 2005) . The assumed correlation of a long-term increase of M. daubentonii populations with the growth of its main prey, i.e. water surface swarming insects, caused probably by widespread eutrophisation of water bodies, was not supported by the analysis of more extensive samples (Kokurewicz 1995) . Similarly, changes in prey abundance and possible competition for food between expanding and declining bat species were found unlikely to explain population changes in R. hipposideros Bontadina et al. 2008 ).
Considering the above mentioned facts, accurate monitoring and population data collecting with the aim of tracking population changes are necessary for understanding ecology of the species. Finally, assessment of these data is essential for effective conservation and management planning (e.g., Spellerberg 1991; Battersby & Greenwood 2004; Pereira & Cooper 2006) . Although it is rather difficult to find precise data on the abundance of bats and their changes in particular regions (Thomas & LaVal 1988) , in the temperate zone long-term population variations can be well estimated by counting hibernating bats in their underground roosts. Several programmes based on such winter censuses have been performed in Europe, in some cases for tens of years already (e.g., Gaisler 1975; Daan et al. 1980; Baar et al. 1986; Bauerová et al. 1989; Wo loszyn 1994; The Bat Conservation Trust 2001; Horáček et al. 2005; Boldogh & Estók 2007) . Several Slovak sites were included in the programme of census of hibernating bats carried out in Czechoslovakia since 1969 (Gaisler 1975) , however, later on these roosts were checked rather occasionally. The winter census programme in Slovakia was resumed in the last decade of the 20 th century, covering a considerably larger number of winter roosts. Whereas only fragmented and regionally limited data have been published so far (e.g., Uhrin 1993 Uhrin , 1998a Danko 1997; Lehotská 2002; Mihál 2004) , the aim of this study is to provide an analysis of longterm population changes of hibernating bats as revealed from the annual monitoring programme conducted in four mountain regions of the Western Carpathians during the period 1992-2009 and its comparison with the trends already demonstrated in other regions of Europe.
Material and methods

Study sites
The data analysed in this study were gathered during winter bat censuses in four distinct geomorphological units of the Western Carpathians (Fig. 1) .
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• 32 N) were checked (7 limestone caves, 2 abandoned mines and 1 abandoned railway tunnel). These sites were censused for the period of 13 years (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) • 53 E, 48
• 26 N). Altogether 12 man-made underground sites (mines) were monitored for the period of 16 years (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) . The region has a status of a protected landscape area.
Bat records from winter censuses from the above described regions until 2001 were compiled and published in the Catalogue of Bat Hibernacula of Slovakia (Hapl et al. 2002; Matis et al. 2002a; Uhrin et al. 2002b, c, d, e) , together with characteristics of the particular sites. For the purpose of this study, data from 52 hibernacula were analysed (Table 1). Since the two abandoned railway tunnels included in the monitoring programme (Dielik -MP, Slavošovce -RV) had different physical characteristics than the other roosts and also the composition of their bat communities was specific, they were excluded from the log-linear analysis of population trends (see below).
Census method
The annual census was usually carried out in the last tenday period of January or the first ten-day period of February on the same census track within the particular hibernaculum and mostly by the same people. Hence, the data series coming from the particular sites are well representative and objective within the respective hibernaculum. Only very few counts made in November or December were included in the analysis. Non-tactile visual species determination and counting of bats without disturbing them (e.g., by ringing) were applied in the course of the census. For further assessment we used the following method of bat species group classification, slightly modified after Bauerová et al. (1989) : the species pairs of Myotis myotis / M. blythii and M. mystacinus / M. brandtii were assessed together as one species (as M. myotis and M. mystacinus, respectively). According to the previous studies (e.g., Gaisler & Hanák 1973; Uhrin 1998b) , the numbers of these sibling species (M. blythii, M. brandtii) make up approximately one third (M. blythii) and almost half (M. brandtii) of counted bats, respectively. Total numbers of bat records and values of species dominance and frequency are given in Table 1 . The high variation is caused by the considerable fluctuations in some species (e.g., forming large aggregations), therefore the trends were calculated only for separate species and not for the whole bat community. Within the data sets from the four regions, there are some missing counts in particular years and sites because of different reasons. They represent 3.6% of the whole data set in RV, 15.3% in SK, 17.3% in MP and 31.3% in SV. It is recommended that the proportion of missing counts should not exceed 50% of all analysed data (Pannekoek & van Strien 2009 ), therefore our data are proper for further analysis using the log-linear Poisson regressions.
Data analyses
We used the log-linear Poisson regression to estimate missing data and to model population trends (ter Braak et al. 1994) . All procedures were run using the free TRends and Indices for Monitoring data software (TRIM; Pannekoek & van Strien 2009) . To calculate population trends, a linear model with serial correlation between annual counts as well as overdispersion from Poisson observations was used in TRIM. To test the significance of slope parameters, the Wald statistic was used. In Table 2 only data where enough observations were available for the species / region pairs are shown. Simple linear regression and correlation analysis were also used for demonstrating changes in particular species / site pairs. The variables were compared by a non-parametric statistic (rs, Spearman rank correlation test, 2-tailed). Linear regression, correlation analysis and non-parametric statistic analyses were performed using the Statistica software (StatSoft 2001).
Results
Altogether 18 bat species were recorded during winter censuses in the four regions under study (Table 1) . Only in one species (Rhinolophus hipposideros), population indices could be compiled using the log-linear regression and patterns of its population trend could be shown for all studied regions. In other six bat species (Rhinolophus ferrumequinum, Myotis myotis, M. emarginatus, M. mystacinus, M. dasycneme, and Barbastella bar- Table 1 .
bastellus) these indices were calculated only for some of the regions. In the remaining species these indices were uncertain because of the scarcity of data. Only the results of linear regression and correlation analyses per particular species-site pairs are given in Table 3 .
Horseshoe bats, Rhinolophus spp.
In the greater horseshoe bat (R. ferrumequinum), dominance and species frequency varied within the ranges of d = 0.4-24.4% and F = 19.3-82.5%, respectively (Table 1) . Only in the SK region where the frequency of this species was the highest, a significant population trend classified as a moderate increase (3% per year within the period evaluated) could be recognised (Table 3, Fig. 2) . The values recorded in other regions did not fit the model well, so any trends seem to be uncertain. In the SV region (Table 3 , Fig. 2 ), the slope parameter (1.0048) suggests a stable population (Wald test 0.11, P = 0.737, n.s.).
In the particular hibernacula of all the regions, R. ferrumequinum showed stable (or not significantly declining) or increasing numbers (Table 3 ). The only exception was the Stará Domica cave (SK), but the species' abundance was low at this site. The lesser horseshoe bat (R. hipposideros) was the most frequent bat species in all four regions (F = 82.0-95.5%). Values of its dominance varied within the range of 22.1-54.2% and with the exception of the RV region, the dominance of this species was always the highest (Table 1) . A general population trend found in this species is given in Fig. 2 jointly for all four regions monitored. While in three regions its hibernating populations increased in numbers at the rate of 5-11% per year (Table 2) , they moderately declined in the RV region (8% decrease per year within the whole study period). This trend was mainly affected by a significant decline in the Burda cave (rs = −0.84, P < 0.01) and in the Zráz mine (rs = −0.62, P < 0.05; Statistical significance: * P < 0.05, ** P < 0.01. For region abbreviations see Fig. 1 .
within the RV region, both slow increases and slow decreases (not significant) or a stable state without any remarkable changes could be observed (Table 3) . In all sites analysed in the SV region (Table 3) we observed increasing numbers of this species (in some of the sites the trend was not significant). In the large Schöpfer mine, a strong increase was detected (rs = 0.89, P < 0.01). In the remaining two regions, MP and SK, R. hipposideros showed population decrease in some cave hibernacula, in several cases a significant one (Table 3). Despite this, based on the changes in the numbers counted at other sites, R. hipposideros showed a generally increasing trend of the numbers of wintering individuals, supporting the model calculated using the log-linear regression with imputed data. Even at the sites inhabited by higher numbers of the lesser horseshoe bat, a slight population increase (Figs 3C-F) was observed.
Occurrence of the Mediterranean horseshoe bat (R. euryale) is restricted to karstic areas in the southern part of central Slovakia (see also Uhrin et al. 1996) , it is absent from the SV region. Among the regions under study, only in SK this species showed higher dominance and frequency values (29.4% and 23.0%, respectively). Neither log-linear nor linear regression and correlation analyses showed any detectable population trends (Tables 2, 3).
Mouse-eared bats, Myotis myotis s.l. Regarding species frequencies (F = 25.2-77.3%; Table 1), mouse-eared bats represented the second to third most frequent species unit within the regions under study. A moderate increase (MP: P < 0.01; SK: P < 0.05) or stable population (SV) were observed (Fig. 2) . The rates of increase in the former two regions (MP, SK) reached 3% per year and per site. At the most populated site, the Martincová cave (MP), a slight increase was observed (rs = 0.77, P < 0.01; Table 3 ). In the RV region, an approximately 13 per cent decline of the M. myotis populations was detected (P < 0.05) within the study period. A significant decline of 9% per year was observed (0.913, SE 0.027; Wald test 6.67, P < 0.01) in the SK region in [2003] [2004] [2005] [2006] [2007] [2008] [2009] (Fig. 2) .
Small Myotis bats
Recorded abundances and frequencies of the small Myotis bats were found low in the period under study and their population trends were not detected and remain uncertain (Table 1) . Only in the SK region a moderate increase of M. emarginatus and M. dasycneme populations was observed, estimated at 10% and 17% per year, respectively. In M. dasycneme this general trend corroborates with the picture from two hibernacula (the Hačavská and Marciho caves in the northern part of SK), where this bat was the most frequent and Table 1 , for statistics see Table 3 .
its numbers showed a significant increase (Table 4, Figs  3G, H) . A similar trend was recorded also in the Marciho cave for hibernating populations of M. daubentonii (rs = 0.57, P < 0.05; Table 3 ). In M. emarginatus we observed an increasing abundance in four hibernacula (Table 3) , being significant in two of them (Figs 3I, J). A moderate increase was detected in M. mystacinus wintering in the MP region. Such a pattern was visible mainly in the data from two hibernacula, where this species was frequent and showed a significant increase (Table 4 , Figs 3K, L).
Barbastelle, Barbastella barbastellus
Very diverse trends were detected in numbers of wintering individuals of B. barbastellus (Fig. 2) . While in MP (with the exception of the Dielik tunnel) the populations showed a stable nature, in the other three regions we detected different pictures. Barbastelles in SK showed a moderate increase (7% per year) but in SV they experienced a moderate decline (ca. 10%). The abandoned railway tunnels Dielik [MP] and Slavošovce [RV] were not included in these models. In the Dielik tunnel, mass winter aggregations of ca. 6,000 individuals were found in 1993 (Uhrin 1995) . The winter checks of the Slavošovce tunnel started in 1998. In these two separately evaluated sites, B. barbastellus showed clearly distinct patterns in wintering and numbers. While in the Dielik tunnel we detected a rapid Explanations: n -number of bat species; r 2 -coefficient of determination of the regression (squared Pearson's r); rs -the respective values of non-parametric Spearman correlation and their statistical significances (P ). For region abbreviations see Fig. 1 . (Table 4 ) of the numbers of bats in aggregations, in the Slavošovce tunnel we observed a continuous increase of abundance since the beginning of the monitoring (Table 4) . After the apparent decline of barbastelles (and also of common pipistrelles, see below) in the Dielik tunnel, a significant increase of other species, not present or registered only in low abundance in the hibernaculum prior to 1999, was observed (Table 4) : R. ferrumequinum (rs = 0.84, P < 0.01), R. hipposideros (rs = 0.92, P < 0.01), M. myotis (rs = 0.92, P < 0.01) ( Table 3) .
Other species
Several other species known to occur in the regions under study were found occasionally during the monitoring and their abundance and frequency was low (Table 1) . Thus, no dynamics in their numbers were detected and their trends remain uncertain. In some species, e.g., Plecotus auritus and/or Nyctalus noctula (Schreber, 1774), certain development could be observed in the particular sites (see the correlation analysis, Table 3 ). Especially the rapid decline of the common pipistrelles (Pipistrellus pipistrellus) and long-winged bats Miniopterus schreibersii (Kuhl, 1817) in the Dielik tunnel (Table 3) 
Discussion
In three most frequent species of hibernating bats (Rhinolophus ferrumequinum, R. hipposideros, Myotis myotis) we recorded stable population numbers or even their obvious increase in more than one of the four studied regions. Such a pattern is very similar to the trends documented in these species in several regions of central Europe over the last 20 years (Řehák 1997; Řehák & Gaisler 1999; Fuszara & Jurczyszyn 2002; Horáček et al. 2005) , where a continuous population growth can be observed. During our monitoring period, the numbers of the most common species, R. hipposideros, increased markedly in three regions of central Slovakia similarly as it was already documented in man-made (mines) or natural (caves) hibernacula in eastern or western Slovakia. While in the Dubník mines in eastern Slovakia numbers of this species doubled in 1987-1995 (Danko 1997) , in two caves in the Lesser Carpathians in western Slovakia a rapid increase was observed in (Lehotská 2002 (Lehotská 2002) . In our study, numbers of R. ferrumequinum were found to increase only in the karstic region of the Slovenský kras Mts (SK), which is a region where almost a complete Slovakian population of the species is concentrated during the vegetation period (Uhrin et al. 1996) . In other regions under study, the populations of R. ferrumequinum seem to be stable (SV) or the changes in numbers remain uncertain. The Slovakian population is believed to be a part of a metapopulation inhabiting the northern margin of the Pannonian lowland of southern Slovakia and northern Hungary (Bihari 2001) . In several sites of northern Hungary, R. ferrumequinum (and also R. euryale) showed stable population numbers although with remarkable fluctuations (Bihari 2001; Boldogh & Estók 2007) , but in some roosts decline in numbers was recorded (Paulovics & Márton 2008) . In Switzerland an increase of a small isolated population of the greater horseshoe bat was documented within the period 1986-2006 in one summer colony, whose roost was restored (Bontadina et al. 2008) .
In R. euryale we did not detect any clear population trends. One of the possible reasons is that the census method used could not cover changes in numbers between subsequent years because of high fluctuation of "wintering colonies" of this species within particular parts of cave systems. Such fluctuations were documented in the Domica-Baradla cave system, where the population of approximately 1000 individuals of the Mediterranean horseshoe bat was evidenced to occur (Bobáková 2002) . During winter the population used several particular sites within the whole cave system for roosting and the bats were usually active throughout the hibernation period. However, considering this behaviour pattern and the observed presence of aggregations throughout the respective winter periods, we can estimate the population of this species as stable, even slowly growing. This opinion is also supported by the observations in summer, when a slight shift in roost preferences was observed in this species and its synanthropic roosting was documented (Horáček & Zima 1979) . At present, a remarkable portion of the R. euryale population in Slovakia uses loft spaces as summer roosts (Matis et al. 2002b) .
Irrespective of the region and/or particular site, the population of the greater mouse-eared bat, Myotis myotis, was increasing or stable. In M. blythii, the species whose numbers were included in the numbers of the former species in this study, no clear increase of abundance was observed in Slovakia and thus the detected growth in numbers is most probably due to the M. myotis population increase (Uhrin et al. 2008) .
In the barbastelle, Barbastella barbastellus, a generally slow increase in counted numbers can be stated. Polish populations seem to be stable or even increasing in their numbers (Lesiński et al. 2005 ) and the barbastelle numbers are evaluated as increasing in several hibernacula of the Czech Republic (Řehák & Gaisler 1999; Horáček et al. 2005) . Indications of an increase in numbers of hibernating barbastelles were reported also from the northern margin of its distribution range in Lithuania (Baranauskas 2001) . On the other hand, especially in the hibernacula where mass winter aggregations were found, complete destruction of such aggregations with cascade patterns in consecutive years was usually observed as a consequence of research activities, changes in microclimate in the roost or predation (e.g., by the stone marten) (Obuch 1995; Danko 1997; Horáček et al. 2005 ). This situation occurred most obviously in the Dielik tunnel (MP). However, the general trend in populations of this species indicates that barbastelles are able to find relatively quickly an alternative winter roost with similar conditions and form similar mass aggregations there. In our case it was the Slavošovce tunnel (RV), situated at the distance of 20 km from the original aggregation site, the Dielik tunnel (MP).
Several other species such as Myotis daubentonii, M. bechsteinii, M. nattereri, Plecotus auritus, P. austriacus, Eptesicus serotinus, E. nilssonii, occurred in winter roosts in very low abundance and were found occasionally. They were usually hidden in various crevices and small holes in cave walls or ceiling and could be easily omitted. Hence, their numbers could be underestimated. The potential of winter census as a method of monitoring of these species seems to be rather low (The Bat Conservation Trust 2001). On the other hand, in some specific hibernacula with a limited amount of crevices and fissures, such as mines or cellars, the numbers of bats can be counted more precisely. In these types of winter roosts, increase of the numbers was documented in several regions of central Europe (Ře-hák & Gaisler 1999; Horáček et al. 2005; Kaňuch et al. 2008) .
Considering causality of the changes in bat populations (mainly of their growth) during the last 20 or 30 years, one basic question can be raised: is this increase only a manifestation of population recovery after the rapid decline in the preceding periods or does it reflect a real population increase? Since the same population trend can be found also on the basis of data coming from region, where no research activities (e.g., bat ringing) occurred in the period of the deepest population decline, we can presume that the increasing trends in numbers of several hibernating species do reflect actual population growth (Horáček et al. 2005) . Most of our monitored sites are roosts where no ringing was carried out during winter. Only the pattern found in the Revúcka vrchovina Mts, where we documented a moderate decline of two most abundant species, R. hipposideros and M. myotis, is questionable. No methods causing disturbance of bats (ringing) were used there during our study. Presumably this pattern can be explained by intensive human disturbance in the region, including illegal visiting of caves, fire making etc. (cf. Uhrin et al. 2002a ). This is certainly true for the Burda cave, where a rapid decline in numbers of R. hipposideros was recorded. On the contrary, sites in the other studied regions are mostly inaccessible, either are grilled/gated or have a gener-ally difficult access. All these sites are also situated in large protected areas (national parks or protected landscape areas) with a specific regime of human activities.
One of the causes of such population growth could be climate changes to which the increase of some species is conspicuously correlated (Horáček et al. 2005 ). In our data we do not have exact evidence for this, but most of the species with growing populations are thermophilous species which may follow increasing temperature. The impact of global temperature growth was tested on the model of a North American temperate bat, Myotis lucifugus (Le Conte, 1831). As predicted, expansion of its wintering range northward was assumed (Humphries et al. 2002) . In our study, population growth can be observed also in species which reach margin of their distribution range in Slovakia or even form isolated populations and are thus considered to be more vulnerable and more sensitive to changes of environmental factors (Gaston 1994; Brown 1995) . To support the pattern revealed from winter census, it would be necessary to collect data on abundance changes also in summer roosts (Warren & Witter 2002) . Winter censuses can be used as a suitable monitoring method only for a part of the European bat fauna. On the other hand, potential influence of global climate changes could be documented by apparent range changes of several lithophilous or dendrophilous bat species, e.g., Pipistrellus nathusii (Keyserling et Blasius, 1839), P. kuhlii (Kuhl, 1817), Hypsugo savii (Bonaparte, 1837) (Sachanowicz & Ciechanowski 2006; . Besides temperature increase in consequence of global climate changes, several other mechanisms causing population changes in bats have been discussed. Regarding a continuous growth of M. daubentonii populations in Poland, Kokurewicz (1995) concluded that it could be caused by eutrophisation of water bodies and consequently by the increase of the most important prey of this species, non-biting midges (Chironomidae). Arlettaz et al. (2000) studied potential food competition between the recently increasing P. pipistrellus and declining R. hipposideros and concluded that it could be an ecologically plausible scenario. The increase of P. pipistrellus was attributed to the use of a profitable food source represented by insects attracted around street lamps (Rydell 1989) .
In conclusion, our data suggest an apparent population increase of thermophilous and originally cave dwelling species of bats, R. hipposideros, R. ferrumequinum, M. myotis in Slovakia (Table 4) , a trend observed also in other regions of central Europe in the last two decades. In other bat species, population trends could not be detected and because of data scarcity, they should be evaluated from more extensive datasets obtained from a wide range of hibernacula or from a completely different type of evidence. To identify causes of the population trends recorded by our simple monitoring, a specially designed study is needed.
